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Nucleation densityThe thin ﬁlms of silicon nanocrystals (Si-NC) embedded in silicon carbide (SiC) matrix (Si-NC:SiC) were
developed by using hot-wire chemical vapor deposition (HWCVD) from silane (SiH4) and methane (CH4)
mixture gases diluted by hydrogen (H2). This method avoids the co-precipitation of Si-NCs and SiC-NCs
from a high-temperature annealing process. According to the classical theory of nucleation, this paper experi-
mentally investigates the possibilities to increase the density of Si-NCs by optimizing two processing parameters
(ratio of SiH4 to CH4 and working gas pressure). Using Raman spectroscopy, X-ray diffraction (XRD), scanning
electron microscopy (SEM) and Fourier transform infra-red spectroscopy (FTIR), we characterized the grain
size, crystal volume fraction, topography and bond conﬁgurations of as-depositedﬁlms. The experimental results
demonstrate that increasing the working gas pressure can lead to higher density of Si-NCs, while increasing the
ratio of SiH4 to CH4 can only increase the grain size, which is consistent with the mechanism of nucleation and
growth of Si-NCs. This method can be used to improve the density of Si-NCs embedded in SiC matrix deposited
by CVD without high-temperature annealing process.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Because silicon is a poor light emissionmaterial due to its indirect
bandgap [1], Si-based materials have been investigated since the
emission from porous silicon was observed in 1990 [2]. Recently,
Si-NCs embedded in a dielectric matrix have attracted considerable
interest due to their potential applications in optoelectronics and
photovoltaics [3–7]. The dielectric materials that are used to embed
the Si-NCs include SiO2, Si3N4 and SiC, which have energy band-
gaps of ~8.9 eV, ~4.3 eV, and ~2.4 eV respectively [8]. Si-NC:SiC
has advantages due to the lower barrier height of SiC, which leads
to higher carrier mobility and exponentially increased tunneling
probability between adjacent nanocrystals [9].
The conventional method to deposit thin ﬁlms of Si-NC:SiC involves
deposition of Si-rich SixC1 − x (x > 0.5) ﬁlms by using various low
temperature deposition techniques (such as plasma enhanced CVD
(PECVD) and magnetron co-sputtering (HWCVD)), and subsequent
precipitation of Si-NCs from the off-stoichiometric SixC1 − x ﬁlms at
high-temperature by thermal annealing [10–12]. This method would
inevitably cause co-precipitations of Si and SiC nanocrystals, and the
processing is relatively complicated..V. Open access under CC BY-NC-ND Because the deposition of thin ﬁlms by various CVD at low-
temperature is thermodynamically nonequilibrium, Si-based radi-
cals can agglomerate into three-dimensional Si-NCs under appropri-
ate conditions [13], which makes it possible to fabricate Si-NCs by
CVD without high-temperature process. Cheng et al. [14] have de-
posited thin ﬁlms of Si-NC:SiC at a substrate temperature of 200 °C
by using inductively coupled PECVD from a silane and methane gas
mixture diluted with hydrogen, which demonstrates that reactive
hydrogen atoms play a critical role on promoting the formation of
Si-NCs by reducing the free energy of crystalline facets, and reducing
the carbon content by etching surface carbon atoms away.
The density of Si-NCs is a very important parameter in its applica-
tion. In this paper, we experimentally investigated the possibilities of
density improvement of Si-NCs when the thin ﬁlms of Si-NC:SiC were
deposited at a low substrate temperature by using a HWCVD method.
We designed to improve nanocrystalline density by raising the reactive
radical ﬂux through adjusting the ratio of SiH4 to CH4 and the working
gas pressure.2. Experimental processing
We synthesized Si-NCs:SiC by using HWCVD at a substrate tem-
perature of 250 °C from a mixture of silane with methane, diluted
with hydrogen. A tungsten wire with 0.4 mm diameter and 140 mm
length was placed 40 mm above the substrate. The reactor was evac-
uated to a gas pressure of 1 × 10−4 Pa prior to the ﬁlm deposition by
a turbo molecular pump.license.
Fig. 1. XRD spectra for S1 deposited at different ﬂow ratios of SiH4/CH4 (a) and S2
deposited at different working gas pressures (b).
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changing the ﬂow ratio of SiH4 to CH4 (R = ﬂow of silane / ﬂow of
methane) at a constant working gas pressure (P) or changing P at a
constant R. For the ﬁrst set of samples (S1), R was at 3, 6, and 15,
and the ratio of SiH4 + CH4/SiH4 + CH4 + H2 and the total ﬂow of
SiH4 + CH4 + H2 were ﬁxed at a constant value. For the second set
of samples (S2), P was at 20, 60, and 100 Pa through adjusting the
velocity of pumping, Rwas ﬁxed at 6, and the other process parame-
ters were ﬁxed. All of the deposition parameters are summarized in
Table 1.
The crystalline properties were evaluated by grazing incidence
XRD using SHIMADZU at a voltage of 40 kV, a current of 40 mA, and
a Cu Kα radiation (λ = 1.5418 Å). The nanocrystal size is estimated
by the Scherrer equation [15]. Additional structural properties such
as phase features and crystallinity are analyzed by a Raman spectrom-
eter (Renishaw InVia). Grain sizes and crystal volume fractions were
detected from Raman and XRD spectra. The topography was analyzed
by SEM (Hitachi S-4800). The silicon, carbon, and hydrogen bond
conﬁgurations were determined by FTIR absorption spectroscopy.
We use an EQUINO55 FTIR spectrometer with a mid-infrared range
from 580 to 3100 cm−1 in this work.
3. Experimental results
We investigate the possibility of improving the density of Si-NCs
by increasing the ﬂow ratio of SiH4 to CH4 (R) or increasing the work-
ing gas pressure (P). Firstly, we analyze the structural properties by
using XRD and Raman techniques, then the changing of nucleation
density is estimated through the monitoring of the different crystal
volume fractions and the grain sizes and comparing the surface
images by SEM; ﬁnally, we discuss the silicon, carbon and hydro-
gen bond conﬁgurations.
3.1. XRD
Fig. 1 shows the XRD spectra of the two sets of samples. We nor-
malize the XRD spectra with the ﬁlm thickness to initially judge the
degree of crystalline of as-deposited ﬁlms. As shown in Fig. 1a, for
the ﬁrst set of samples (S1), the diffraction peak appears only at
2θ = 28.4°, which originated from the (111) crystal planes of silicon;
for the second set of samples (S2), as shown in Fig. 1b, the main dif-
fraction peak still appears at 2θ = 28.4°, and when P is increased
over 60 Pa, other two small diffraction peaks appear at 2θ = 47.3°
and 56.1°. These two peaks are attributed to the (220) and (311) crys-
tal planes of silicon, respectively [16,17]. Based on these two sets of
samples, if we increase R or P, the intensities of the preferential dif-
fraction peaks at (111) are gradually increased while the full widths
at half maximum become smaller, which indicates that the grain
size becomes larger and the degree of crystallinity also increased
[18]. No diffraction peaks attributed to crystalline SiC or crystalline
carbons are detected for all of the samples. The same result has been
reported in Ref. [19], in which the microcrystalline to nanocrystalline
silicon phase transition in hydrogenated silicon–carbon alloy ﬁlms
was studied by using the radio frequency PECVD. The grain sizesTable 1
Deposition parameters of the Si-NC:SiC ﬁlms.
Parameter First set of samples (S1) Second set of samples (S2)
SiH4/CH4 3, 6, 15 6
Working gas pressure (Pa) 20 20, 60, 100
SiH4 + CH4/SiH4 + CH4 + H2
(sccm/sccm)
2/12 2/12
File temperature (°C) 1900 1900
Substrate temperature (°C) 250 250
Deposition time (min) 45 45were calculated from the XRD spectrum, which will be discussed
in Section 3.3.
3.2. Raman spectroscopy
Fig. 2 presents the Raman scattering spectra of the two sets of
samples. The dotted lines at the top indicate roughly three regions re-
lated to Si\Si, Si\C, and C\C vibration modes. Fig. 2a shows the
Raman spectra of the ﬁrst set of samples (S1) that exhibits a signiﬁ-
cant change. When R = 3, two peaks are exhibited, one appears at
~510 cm−1, which is attributed to the TO mode of the Si nanocrystal
phase [20], and the other is a weak broad peak emerging at around
1200 cm−1, which indicates the presence of C\C bond. When R is in-
creased to 6, the intensity of the peak at ~510 cm−1 increases, and
the weak broad peak at ~1200 cm−1 shifts to ~940 cm−1, which
can be attributed to the morphorous Si\C band state between amor-
phous and crystalline. This Raman bands were also observed in Ref.
[21], where this band has been attributed to the longitudinal optical
phonon band of microcrystalline SiC. When R = 15, the intensity of
the peak at ~510 cm−1 becomes much higher, no other peak can be
observed anymore. For the second set of samples (S2), as shown in
Fig. 2b, the main peak at ~516 cm−1 is also the TO mode of the
Si nanocrystal phase. The intensity of the weak broad SiC peak at
940 cm−1 shows no big change, while the peak related to the C\C
vibrationmode gradually strengthens and shifts to a high wavenumber
until a graphite peak of ~1590 cm−1 appears when the working gas
pressure is up to 100 Pa. These results indicate that increasing the
Fig. 2. Raman scattering spectra for S1 deposited at different ﬂow ratios of SiH4/CH4
(a) and S2 deposited at different working gas pressures (b).
Fig. 3. Crystal volume fraction and grain size for S1 deposited at different ﬂow ratios of
SiH4/CH4 (a) and S2 deposited at different working gas pressures (b).
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estimate the crystal volume fraction by using Raman spectroscopy, and
discuss it in the next section.
3.3. Changing trend of nucleation density
In order to evaluate the crystal volume fraction, the Raman peak of
the silicon TO phonon mode located at ~510 cm−1 is deconvoluted
into two independent Gaussian peaks corresponding to nano-crystalline
(~510 cm−1) and amorphous phases (~480 cm−1). The crystal volume
fraction is evaluated by the ratio of Ic to Ia + Ic where Ic and Ia are the
areas of the peaks for the crystalline silicon phase and for the amorphous
phase, respectively. The calculated crystal volume fractions are shown
in Fig. 3.
The broadening of diffraction peaks in the XRD spectra is related
with the grain size, and can be expressed by Scherrer's formula [15]:
G ¼ kλ=Δ 2θð Þ cosθ ð1Þ
where G is the grain size, λ is the wavelength of the X-rays, θ is the
Bragg diffraction angle at the peak position in degrees, Δ(2θ) is the
FWHM in radian and k is a correction factor. The value of k is usually
chosen to be 0.9 for Si ﬁlms [11]. The calculated grain sizes are also
shown in Fig. 3.
Fig. 3 shows a general increasing trend of crystal volume fraction
and grain size with increasing ratio of SiH4/CH4 or working gas pres-
sure. The increasing degree is inset in the lower right corner of Fig. 3,
which is deﬁned as the relative values of the crystal volume fraction
or grain size referred to their lowest value. These two insets illustratedifferent increasing trends. For an increasing working gas pressure
(in Fig. 3b), the increasing degree of crystal volume fraction is larger
than that of the grain size, which means that the nucleation density
is raised. Instead, as shown in Fig. 3a, when the ﬂow ratio of SiH4
to CH4 is increasing, the increasing degree of crystal volume fraction
is less than that of the grain size, which indicates that there is no
improvement of nucleation density.
Fig. 4 shows the surface and cross-sectional SEM images of the sec-
ond set of samples (S2) at P = 20, 60, and100 Pa. From the surfacemor-
phology in Fig. 4a–c, we can see that nanosized grains uniformly cover
the entire substrate, and the ﬁlms become more compact with the gas
pressure, which is consistent with the improvement of nucleation den-
sity as discussed above. The cross-sectional images in Fig. 4d–f indicate
clearly that the ﬁlms are ﬁne and the interface between the ﬁlms
and substrate is smooth and clear. The nano-structural properties
of as-deposited ﬁlms have been characterized by XRD and Raman
spectroscopy.
3.4. FTIR spectroscopy
The bonding conﬁgurations of the as-deposited ﬁlms are further in-
vestigated by using FTIR absorption spectroscopy. Fig. 5a shows the FTIR
absorption spectra of the second set of samples (S2). Sensible signatures
corresponding to the Si\C (~780 cm−1), C_C (~1650 cm−1), Si\H
(~2090 cm−1) and C\H (~2900 cm−1) vibration modes [22,23] are
exhibited. As the working gas pressure increases, Si\C bands remain
almost invariant; while the intensity of C_C bands is increased,
which means that there are higher levels of carbon incorporation in
the sp2 C\C form. This observation agrees well with consequences of
Fig. 4. Surface and cross-sectional SEM images for S2 deposited at different working gas pressures.
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is conﬁrmed by the peak position of the Si\H stretching mode which
appears at 2090 cm−1 as typical of the nanocrystalline silicon phase in-
stead of at 2000 cm−1 which is typical of the amorphous silicon phase
[24]. Fig. 5b shows the FTIR absorption spectra of the ﬁrst set of samples
(R = 3, 6, and 15). At a glimpse, there is no remarkable change that
happened as the ﬂow ratio of SiH4 to CH4 increases. When we compare
the right shoulder of the Si–C peak, a little rising can be observed, which
can be attributed to the increasing intensity of Si\CH2 bond.
4. Discussions
According to the classical theory of nucleation in chemical vapor
deposition, nucleation density relates to the incident radical ﬂux [25]:
N ¼ Jτ0 exp −ΔEcrit=kTð Þ ð2Þ
where N is nucleation density, J is incident radical ﬂux, τ0 is resident
time of reactive radicals on the substrate surface, ΔEcrit is nucleation
energy barrier, K is Boltzmann constant and T is temperature. The for-
mula shows that the density of nuclei can be improved by increasing
the incident radical ﬂux.The analyses on the structural properties of as-deposited Si-NC:
SiC show that increasing the working gas pressure at a constant
ratio of SiH4 to CH4 can lead to higher density of Si-NCs, which is con-
sistent with the theory of nucleation as discussed above. While the
experimental results demonstrate that an increasing ratio of SiH4 to
CH4 at a constant working gas pressure can only increase the grain
size, it does not lead to higher nucleation density. This conclusion is
not in accordance with the theory of nucleation. The insight of the nu-
cleation processes of Si-NC:SiC ﬁlms can contribute to understanding
the above phenomenon.
Three models have been proposed for the growth mechanism of
Si-NC:SiC from the silane/methane/hydrogen gas mixture, including
the surface diffuse model, chemical annealing model, and etching
model [26]. The effects of hydrogen are discussed widely on the
growth of Si-NC [27]. Because the bond energies of Si\H bond and
Si dangling bond are ~28 kcal mol−1 and ~42 kcal mol−1, respec-
tively, the total Gibbs free energy for the hydrogen-terminated sur-
face is much lower than that for the dangling-bond surface, whereas
the lower Gibbs free energy is particularly favorable for the nucleation
of Si-NCs. Additionally, the Si-NC's stabilization is raised because the
surface free energy on the hydrogenated surface of the Si-NCs was
reduced [14]. The surface diffuse model proposes that hydrogenation
Fig. 5. FTIR absorption spectra for S1 deposited at different ﬂow ratios of SiH4/CH4
(a) and S2 deposited at different working gas pressures (b).
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facilitates the diffusion of the absorbed radicals. Based on the above
description and discussion, the high H-diluted ratio in the gas mixture
is known as a prerequisite for the formation of Si-NCs.
In the classical theory of nucleation, the creation of a nucleus im-
plies the formation of an interface at the boundaries of a new phase.
If a hypothetical nucleus is too small (known as an unstable nucleus
or “embryo”), the energy that would be released by forming its vol-
ume is not enough to create its surface, and then the nucleation
does not proceed. The energy threshold needed for stable nucleation
depends on the preparation conditions. Frank G. Shi [28] measured
the free energy barrier to be 2.0–2.1 eV for silicon nucleation from
amorphous silicon induced by a thermally activated process. Baron
et al. [29] reported that for nucleation of silicon using the SiH4 low-
pressure chemical vapor deposition, the Si nucleation energies on
Si3N4, SiO2 and SiOxNy are 3.85, 3.37 and 2.83 eV respectively. We
did not ﬁnd corresponding data of nucleation energy threshold for
forming silicon crystalline nuclei in silicon carbon matrix.
In the HWCVD process, the reactant gas mixture which contains
CH4, SiH4 and H2 enters the reactor chamber and ﬂows past the
high temperature ﬁlament. The pyrolysis reactions of reactant gases
on the surface of the ﬁlament and the interactions among various
species in gas phase generate an amount of reactive species that in-
cludes Si-based radials, C-based radials, as well as atomic hydrogen.
Various gaseous species ﬂow toward and impinge the growing sur-
face. On the surface, adsorbed species diffuse along the surface and
nucleate preferentially at step edges and kinks. The formation of nu-
clei becomes easier with the hydrogenation of the growing-surface
and with the structure relaxation stimulated by chemical annealing
[27] in the sub-growing-surface. The large density of atomic hydrogenadsorbed on the growing surface effectively etches away the weak or
strain near-surface bonds, which produces local heating of the surface
by hydrogen recombination and thus favors the formation of nanocrys-
talline silicon [30]. In this paper, reactant gases consisting of high
ratio of silane to methane (from 3 to 15) and high H dilution ratio
(SiH4 + CH4/SiH4 + CH4 + H2 = 10%) lead to the formation of more
Si\H band on the growing surface. Chemical annealing and etching of
atomic hydrogen promote the formation of Si-NCs in SiC matrix at a
low substrate temperature of 250 °C.
Based on the analysis above, the experimental results that increas-
ing the ratio of silicon to methane in reactant gases leads to a large
grain size instead of high nucleation density can be explained in the
following.
Precursors can be incorporated into the Si nucleus by either directly
landing them from the gas phase or depositing them on the substrate
ﬁrst and then traveling to the crystallites through surface diffusion.
As mentioned above, the hydrogenation of growing-surface leads to
lower surface diffusion energy [31]. So the ad-radicals on the surface
move much faster and then incorporate into the silicon nucleus instead
of forming new nuclei. This is the reason that increasing the ratio of
silane to methane in reactant gases will lead to a larger grain size
instead of high density of nucleation.
The experimental results that increasing the working gas pressure
leads to high density of nucleation can be explained by using the
gas phase reactions. The possibility of reactions among the various
species increases with the working gas pressure, Si-NCs form in the
gas phase and are then embedded into the growing ﬁlms.
5. Conclusions
In this work, we deposited Si-NC:SiC ﬁlms from a mixture of SiH4,
CH4 and H2 by using HWCVD at a low substrate temperature of
250 °C. The possibility of increasing the density of nucleation is inves-
tigated by increasing the ratio of silane to methane in reactant gases
or increasing the total working gas pressure. The experimental results
illustrated that increasing the working gas pressure can lead to higher
density of Si-NCs, while increasing the ratio of SiH4 to CH4 is most
likely to only increase the grain size. The analysis on the nucleation
mechanism of silicon nanocrystals presented that the highly hydroge-
nated growing-surface leads to lower surface diffusion energy and so
the higher surface diffuse ability for the ab-radicals. With an increasing
ﬂux of precursor impinging on the growing-surface, the ab-radicals on
the surface are easily incorporated into the silicon nucleus instead of
forming a new nucleus. However, when increasing the total working
pressure, species reactions in gas phase can form new nuclei, which
contribute to high density of nucleation in as-deposited ﬁlms. This
paper provides a method to effectively improve the density of Si-NCs
embedded in the SiC deposited by CVD without a high-temperature
process.
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